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We describe and operate a novel spin-magnetometer based on the phase modulation of cavity
magnon polaritons. In this scheme a rf magnetic field is detected through the sidebands it induces
on a pump, and the experimental configuration allows for a negligible pump noise and a high
frequency readout. The demonstrator setup, based on a copper cavity coupled to an yttrium iron
garnet sphere hybrid system, reached a sensitivity of 2.0 pT/
√
Hz, evading the pump noise and
matching the theoretical previsions. An optimized setup can attain a rf magnetic field sensitivity of
about 8 fT/
√
Hz at room temperature. An orders of magnitude improvement is expected at lower
temperatures, making this instrument one of the few magnetometers accessing the sub-fT limit.
Due to its natural applications, miniaturization and multiplexing are eventually discussed.
The detection of ultra-low magnetic fields is a long
standing technological challenge motivated by its many
applications. The most sensitive types of magnetic
field detectors are essentially two: superconducting
quantum interference devices (SQUIDs) [1–5] and spin-
exchange relaxation-free (SERFs) [6–8] magnetometers,
which reach the fT/
√
Hz sensitivity level. Medical ap-
plications, such as nuclear magnetic resonance (NMR)
detection, is possibly the most studied utilization of such
devices [9], and remarkable results have been obtained
with both SQUIDs [10–16] and SERFs [17–21]. In the
last decades a number of magnetic field sensors were pro-
posed or demonstrated [22–29, 29–32], making precision
magnetometry an alive and dynamic field. SQUIDs are
based on Josephson junctions and require cryogenic tem-
peratures to be in a superconducting state. Room tem-
perature operation is advantageous for cost and possible
applications. SERFs magnetometers do not need cryo-
genics, but require heavy shielding and their sensitivity
is volume-dependent.
This letter presents a magnetometer which embod-
ies the possibility of room temperature operation, high
working frequency, and size-independent sensitivity. It
is based on the phase modulation of a pump field ex-
citing a cavity magnon polariton resonance. Measure-
ment of extremely low field are possible by the detection
of a sideband component induced on the input pump.
Its expected limit theoretical sensitivity is competitive
with present state-of-the-art magnetometers and could
find application, for example, in medical imaging, com-
munication, and fundamental physics research [8, 33–35].
The working principle of this new device is based on
the excitation of the Larmor transition in a magnetic ma-
terial. By taking a ferrite or a paramagnet and biasing it
with a static fieldB0 we obtain an electron spin resonance
at the frequency ωL = γB0, where γ = (2pi)28 GHz/T is
the electron gyromagnetic ratio. The presence of a weak
magnetic field b1, with frequency ωb, has different effects
that we now describe. If b1 is perpendicular to B0 and
on-resonance with ωL, it will excite the Larmor transition
and accumulate power into the material, whose amount
is proportional to b1 and could be used to measure it
[36, 37]. In the complementary case where the direction
of b1 is parallel to the static field, the total field deter-
mining the Larmor transition is then time modulated and
will periodically change the frequency of the spin reso-
nance. A microwave tone pumping the magnetic material
at the frequency ωL will then be phase modulated due to
b1 with the result of producing sidebands at frequencies
ωL ± nωb, with n an integer number. The detection of
the sidebands will eventually give a measurement of the
weak perturbing magnetic field. The device we are pre-
senting in this letter originate by embedding the second
scheme in a photon magnon hybrid system (PMHS).
A photon-magnon hybrid system (PMHS) consists in
two coupled harmonic oscillators, e. g. the normal mode
of a microwave cavity and the electron spin resonance of a
magnetic material [38–40]. A typical realization of such
a system is obtained by properly inserting in a copper
microwave cavity a sphere of yttrium iron garnet (YIG),
a ferrimagnetic insulator with high spin density and low
losses [41–43]. Suitable antennas coupled to the cavity
are used for inserting and extracting power into the sys-
tem. An external static magnetic field B0 can be used
to tune the Larmor frequency ωL of electrons in YIG to
the cavity mode frequency and couple the two systems.
For ωL close to the cavity frequency ω0, the cavity mode
splits into two hybrid modes with frequencies ω1 and ω2,
where g21 = min(ω2 − ω1)/2 is the coupling strength,
normally much smaller than the cavity frequency ω0, and
ω1 < ω0 < ω2. If g21 > γ1,2, the hybrid modes linewidth,
the system is in the strong coupling regime. The resulting
system can be described by quasiparticles called cavity
magnon polaritons (CMPs), whose dispersion relation is
an anticrossing curve [44–46]. The resonant frequencies
of CMPs are given by
ω2,1(B0) =
ω0 + γB0
2
±
√(ω0 − γB0
2
)2
+ g221. (1)
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FIG. 1: (a) Scheme of the spin-magnetometer working prin-
ciple. The gray line represents the transmission spectrum
of the PMHS, the dark red line is the pump with the corre-
sponding sideband, the magnetic field effect and its frequency
are reported in green. (b) Electronics of an example device.
The pump line is filtered with a waveguide with cutoff around
ω0 before exciting the ω2 resonance. An antenna (full circle,
critically coupled to the CMP resonances) is used to inject
the tone and extract the sideband. The output power of the
PMHS is filtered and amplified before the readout.
Let’s now consider again the presence of an oscillating
field b1 parallel to the static field, and apply a monochro-
matic tone at one of the hybrid modes, say the one at
the frequency ω2. As in the case of the simple system
described before, the modulating field will produce a fre-
quency modulation of ω2, thus causing a phase modula-
tion of the electromagnetic field stored in the PMHS, and
sidebands could be generated at the frequencies ω2±nωb.
However, since the PMHS has only two resonant modes,
for ωb > γ2, only the sideband satisfying the relation
ω2 ± nωb = ω1 will be present and all others will be sup-
pressed. Now, by detecting the power at ω1, it will be
possible to obtain a measurement of the small perturbing
field. For small fields the only component with significant
amplitude is the first one, so n = 1 and this system is
sensitive to fields whose frequency is ωb = 2g21.
The price to pay by using a PMHS is that the transduc-
tion coefficient between external magnetic field and mode
frequency is not given anymore by the gyromagnetic ra-
tio but to a slightly smaller coefficient γP γ. Following
Eq. (1), such coefficient, extracted from ∂ω1,2/∂B0, is
practically γ for hybrid modes far away from the cav-
ity resonance, while goes to zero for an hybrid mode
close to it. In the case of minimum hybridization, namely
ω2 − ω0 = ω0 − ω1 = g21, we have γP = 1/2.
A concept scheme of the spin-magnetometer working
principle is reported in Fig. 1. Let’s write the monochro-
matic pump tone as Ap cos(ω2t). The effect of the per-
turbing field b1 = b1 sin(ωbt) is to add an oscillating
phase, and the resulting phase modulated signal would
be
ξ(t) = Ape
−iω2te−ix sin(ωbt), (2)
where x is the modulation index given by the maximum
deviation divided by the working frequency
x = piQ2γP b1/B0. (3)
Q2 = ω2/γ2 is the quality factor of the hybrid resonance.
For small values of x, Eq. 2 can be expressed in terms of
the first kind Bessel functions Jn(x) as
ξ(t) =
+∞∑
n=0
ξn(t) = Ape
−iω2t
+∞∑
n=0
Jn(x)e
−inωbt
'Ape−iω2t
+∞∑
n=0
xn
2nn!
e−inωbt,
(4)
where n is a positive integer. The amplitudes of carrier
and lower order sidebands are
|ξ0| ' Ap, |ξ1| = piApQ2γP b1
2B0
, |ξ2| = 1
8
(piApQ2γP b1
B0
)2
.
(5)
The first order sideband ξ1 has the higher amplitude, and
by comparing it with the backgrounds it allows to calcu-
late the magnetometer’s sensitivity for the measurement
of the time varying field b1.
A more detailed scheme of a possible experimental set-
up is shown in Fig. 1b. A pump generator provides the
tone at ω2, which is filtered by a waveguide with cut-
off frequency between ω1 and ω2. Such filtering reduces
the pump noise at the frequency ω1 by a factor k1 that
could be as large as 80 dB, depending on the separation
between the cut-off and pump frequencies. The waveg-
uide output is then fed using a circulator to the PMHS,
namely the resonant cavity with YIG inside, immersed
in the total field B0 + b1, with an antenna having cou-
plings β1,2 for the two resonant modes, respectively. The
power reflected from the cavity is filtered by a band pass
filter and amplified before the reaout. The filtering re-
movse the residual pump tone and avoid saturation of
the amplifier.
The total power read at the spectrum analyzer at the
frequency ω1 = ω2 − ωb , normalized for the amplifier
gain G1 and filter cavity transmittance c1, is given by
Ps(ω1)
G1c1
=
β2β1
1 + β1
|ξ1|2+
+ k1(1− β1)A2p|RAM(ωb)|2 + kB(β1T + Tn)δν
= A2p
[
β2β1
1 + β1
∣∣∣∣piQ2γP b12B0
∣∣∣∣2 + w1(1− β1)|RAM(ωb)|2
]
+ kB(β1T + Tn)δν
(6)
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FIG. 2: Scheme of the experimental apparatus used for
demonstrating the operation of the magnetometer. The cal-
ibration signal b1 (dark red) is provided by a generator con-
nected to a loop on the holed side of the cavity, which is
monitored with an oscilloscope. The cavity (orange) houses
a YIG sphere (black), which is biased with the static field
B0 supplied by an electromagnet represented with its north
(N, blue) and south (S, red) poles. The rf cavity field is
extracted by an antenna with variable coupling (grey), and
passes through a circulator before being amplified by Amp.1
and Amp.2, while the filter cavity avoids the saturation of the
second amplifier. The microwave pumping line delivers to the
cavity a monochromatic tone filtered with a waveguide.
where RAM(ωb) is the relative residual amplitude mod-
ulation of the pump at ωb. k1 is the waveguide transmit-
tance at the first resonant frequency, kB is the Boltzmann
constant, T the cavity temperature, Tn the detector chain
noise temperature and δν the resolution bandwidth. Ca-
bles and circulators have been considered lossless.
The sources of noise present in Eq. (6) are thus re-
lated to pump and system temperature. The typical be-
havior of RAM(ω) shows large values at low frequencies
with 1/f -like trend up to a few MHz. At more than
10 MHz the noise of a commercial pump is flat with val-
ues |RAM(ω)|2 ' −160 dBc/Hz; the best oscillators re-
duce this limit down to -180 dBc/Hz [47]. This noise can
then further reduced, to a negligible level, by using the
waveguide filtering, with the result of a device which is
thermal-noise limited. In this limit we calculate the sen-
sitivity σb1 of the apparatus, defined as the value of b1
giving a SNR = 1 in the unit time,
σb1 =
2B0
piQ2γPAp
√
1 + β1
β2β1
√
kB(β1T + Tn) (7)
with typical values β1,2 ' 1, Q2 = 104, B0 = 0.4 T, A2p =
100 mW, T = 50 K, and by working in the dispersive
regime (i. e. with γP ∼ 1) a sensitivity σb1 ' 8 fT/
√
Hz
can be obtained already at room temperature.
To demonstrate the operation of the magnetometer we
built the apparatus having the scheme shown in Fig.
2. The microwave copper cavity is quasi-rectangular,
as the shorter sides were rounded. The section is
14.8 × 24.8 mm2, while the length is 32.1 mm. A 2 mm-
diameter YIG sphere is placed at the center of the cav-
ity, where the rf magnetic field of the TM102 mode is
maximum. The mode frequency is ω0/2pi ' 11.43 GHz,
and the static field necessary to create the PMHS is
N
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FIG. 3: S21 spectrum of the system reported as inset. The
two absorption profiles are at the frequencies of the two hybrid
modes ω1 and ω2. Except for the resonant modes, the spec-
trum shape is due to the waveguide, whose cut-off is roughly
at the frequency ω0. The setup in the inset has the same
colour legend described in Fig. 2.
B0 = ω0/γ ' 0.4 T, provided by an electromagnet with
a bore of 10 cm diameter. The resulting hybrid modes
resonate at ω1 ' (2pi) 11.33 GHz, ω2 ' (2pi) 11.55 GHz,
obtaining 2g21 = ω2 − ω1 ' (2pi) 220 MHz close to the
minimum hybridization, and thus with γP ' 0.5. The
cavity is equipped with a hole on one side, hosting a
small loop to generate a known test field b1 parallel to
the static field B0. A scope measure the current provided
to the loop to infer the generated field, with a current to
field conversion factor measured by analysing the effect
of a dc field on the Larmor frequency of the YIG sample.
The generator for the pump Ap could deliver a power up
to 26 dBm, injected to a in-house fabricated waveguide
with a cut off frequency at about ω0. The waveguide has
a cross section of 12.8 × 6.3 mm2. The antenna is mov-
able in order to choose appropriate coupling. The two
amplifiers are low noise high-electron-mobility transistor
(HEMT), with nominal gains G1 = 34 dB, G2 = 35 dB,
and the notch filter is done with a resonant cavity tuned
to ω2. Readout is done with a spectrum analyzer.
A spectroscopic measurement of the PMHS is used to
infer its properties and is reported in Fig. 3. Even in the
presence of the notch filter, to avoid the saturation of
the amplifier due to the pump, we have to change the
coupling of the antenna to minimize the reflection at ω2
and still extract some power from ω1. In this position
we measure γ1 ' (2pi) 2.2 MHz, γ2 ' (2pi) 4.2 MHz, and a
coupling to the hybrid modes β1 ' 0.3 at ω1, and β2 ' 1
at ω2. Our configuration gives a reflected tone power at
ω2 reduced of more than 30 dB.
The noise temperature of the system was measured by
injecting calibrated rf signals in the antenna input of the
circulator (see Fig. 2). The result is (β1T + Tn) ' 337 K,
compatible with the amplifiers specifications.
4We feed the system with a pump power A2p = 0.2 mW
(−7 dBm), measured at the input of the antenna. A
stronger tone produces overheating of this setup, which
in particular compromise the critical coupling of the an-
tenna at ω2 by shifting the resonant frequency. This is
a crucial problem for this test apparatus, as a large re-
flected microwave tone saturates the amplifier. The prob-
lem can be mitigated in a future apparatus by different
means, e. g. by employing dedicated microwave filtering
at the amplifier input, or including heat sinks.
The expected sensitivity of this system is, following
Eq. (7)
σb1 = 1.9× 10−12 T/
√
Hz. (8)
We remind that this spin-magnetometer is sensitive to a
field at the frequency 2g21 ' (2pi) 220 MHz on a band-
width as large as the linewidth γ1.
We tested the system by using the small loop placed
on the cavity side hole (see Fig. 2). The DC current-field
proportionality was measured as 4.8µT/A, compatible
with the calculated loop field. A 10% decrease of this
constant has been measured for operating it at 220 MHz.
Moreover, to take into account the screening effect of the
cavity walls, we used a sensing coil to measure the loop
field at the distance of the YIG sphere with a) the loop in
its standard position and b) the loop in free space. The
ratio of the two gives a reduction factor kb = (0.09±0.03).
By using current values ranging from 0.06 mA to 0.5 mA
at 220 MHz we obtained the experimental points shown in
Figure 4, which are used for testing the setup. Measured
amplitude values correspond to the voltage on a R = 50 Ω
load at the signal frequency ω1 ' (2pi) 11.33 GHz, given
by
As(ω1) =
√
RPs(ω1) (9)
= Ap
√
RG1G2c1
√
β2β1
1 + β1
piQ2γP
2B0
b1
In the figure the errors on the amplitude are estimated
from multiple measurements with the same input field,
they account about an ∼ 18% of the average value and
are essentially due to instabilities in the experimental set-
up. The uncertainty on the input field is almost totally
due to the correction factor kb. The slope resulting from
the plot is
mfit = (1.1± 0.3)× 105 V/T, (10)
the expected value is (1.6 ± 0.3) × 105 V/T, where the
total gain G1G2c1 = 56± 1 dB has been measured inde-
pendently. Such discrepancy can be due to unaccounted
losses in the cables, but essentially the measured value
agrees with the expected one confirming the validity of
the proposed measurement device.
Figure 4a shows the spectra of the output signal for
different input test fields. From this data it is possible
(a)
(b)
b1=27 pT b1=38 pT b1=54 pT
b1=108 pT b1=153 pT b1=217 pT
FIG. 4: (a) Signal spectra obtained with different test loop
fields. The x-axis is the frequency offset from ω1/(2pi), while
the y-axis is the voltage read at the spectrum analyser. The
top-left spectrum corresponds to a SNR = 1 field with a reso-
lution bandwidth of 100 Hz, i.e. an integration time of 10 ms.
(b) Test measurement of the spin-magnetometer, showing the
voltage at ω1 vs the calculated input field generated with the
loop. Data points have been fitted to a linear function, giv-
ing a slope mfit = (1.1 ± 0.3) × 105 V/T and an intercept
qfit = (−1.9± 0.7)µV.
to obtain the value of the noise, which is Pn = −100
dBm with a resolution bandwidth of RBW = 100 Hz,
resulting in a voltage sensitivity of 2.2×10−7 V/√Hz. By
using the measured transduction coefficient in Eq. (10),
the field sensitivity results
σsb1 = (2.0± 0.7)× 10−12 T/
√
Hz, (11)
which reflects the calculated one given by Eq. (8), and
shows that even a very simple device, not yet optimized,
can be used as a very performing magnetometer.
The noise level at the cavity output results: P in =
Pn/(G1G2c1) = (2.5±0.5)·10−21 W/Hz, compatible with
the thermal noise coming from the cavity and amplifier
noise, having the value Pth = kB(β1T +Tn) = 1.7 · 10−21
W/Hz. In the absence of waveguide filtering, the pump
noise at ω1 is ∼ 10−19 W/Hz, orders of magnitude higher
than than the measured thermal noise. By removing the
waveguide we verified that the noise grows, and test sig-
nals has to be increased to obtain the same SNR. We
conclude that the pump noise has been drastically re-
duced in this setup, and that the limiting background of
5the apparatus is mostly due to room temperature ther-
modynamic fluctuations.
The time resolution of the system is limited by the re-
laxation time of the hybrid modes and is of order 100 ns.
The maximum measurable field is given by the condi-
tion Q1b1  B0, which holds up to tens of µT ampli-
tudes, making this magnetometer capable of measuring
very large fields. The operational bandwidth is an in-
terval of width γ1 centered at ω1. Following Eq. (1), it
is possible to tune the CMPs frequencies just by vary-
ing of the static field B0. This would allow to obtain an
effective bandwidth of hundreds of MHz [48].
The loop on the cavity side, which has been used for
testing the setup, can be coupled to a pick-up coil placed
outside the cavity. With such a scheme it will be possi-
ble to measure magnetic fields not directly located on the
YIG sample. By properly designing the loop impedance,
optimum matching conditions can be achieved with the
pick up loop for best sensitivity. We expect also the fac-
tor kb to be much closer to one in an optimized apparatus,
allowing for a good transduction of an external signal to
the PMHS. The sensitivity can be pushed by increasing
the tone power, however, this value is limited due either
to non-linearities of the YIG or thermal-induced instabil-
ities that may arise. By using a cryogenically cooled de-
vice coupled with an ultra low noise first stage amplifier,
the limiting noise source could in principle be reduced
to the standard quantum limit. By replacing the factor
kB(T + Tn) with h¯ω in Eq. (7), the quoted value σb1 ' 8
fT/
√
Hz can be further reduced to σb1 ' 0.3 fT/
√
Hz.
Depending on the envisioned application, a number of
different configurations can be designed for this instru-
ment. As the device sensitivity is not dependent on its
size, one can engineer a much smaller PMHS, consist-
ing for example in printed circuits or dielectric cavities
coupled to a suitable magnetic material. Miniaturization
may allow for simpler construction and implementation
of the device. Multiplexing is also a possibility, for ex-
ample by means of superconducting circuits [49–51] res-
onating within the magnetometer bandwidth, which have
demonstrated quality factors up to 108 [52–54].
In conclusion, we devised and tested a spin-
magnetometer based on the phase modulation of cav-
ity magnon polaritons. Our prototype demonstrated the
working principle of the device by showing a pT field
sensitivity, and an optimized version of the same setup
could measure magnetic fields with fT/
√
Hz precision.
The tested design is not the only interpretation of the
experimental scheme, which can be implemented in a
number of different configurations. The magnetometer
has a variable input impedance, a large dynamic range,
and a remarkable sensitivity, allowing for its application
for example in the field on magnetic imaging. All these
features are unprecedented, and make this instrument
the first of a class of magnetometers based on photon-
magnon hybrid system.
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